Allelic mutations of the lysosomal b-galactosidase gene cause heterogeneous clinical phenotypes, such as GM1 gangliosidosis and Morquio B disease, the former being further classified into three variants, namely infantile, juvenile and adult forms; and heterogeneous biochemical phenotypes were shown in these forms. We tried to elucidate the bases of these diseases from a structural viewpoint. We first constructed a three-dimensional structural model of human b-galactosidase by means of homology modeling. The human b-galactosidase consists of three domains, such as, a TIM barrel fold domain, which functions as a catalytic domain, and two galactose-binding domain-like fold domains. We then constructed structural models of representative mutant b-galactosidase proteins (G123R, R201C, I51T and Y83H) and predicted the structural change associated with each phenotype by calculating the number of affected atoms, determining the root-mean-square deviation and the solvent-accessible surface area, and by color imaging. The results show that there is a good correlation between the structural changes caused by amino-acid substitutions in the b-galactosidase molecule, as well as biochemical and clinical phenotypes in these representative cases. Protein structural study is useful for elucidating the bases of these diseases.
INTRODUCTION
Lysosomal b-galactosidase (EC 3.2.1.23; b-Gal) hydrolyzes the terminal b-galactosyl residues of glycoconjugates, including GM1 ganglioside, glycoproteins and glycosaminoglycans. Deficiencies of b-Gal cause human metabolic disorders with heterogeneous clinical phenotypes, such as GM1 gangliosidosis (MIM no. 230500) and Morquio B disease (MIM no. 253010). 1 GM1 gangliosidosis is a neurosomatic disease involving progressive neurological deterioration characterized by the accumulation of GM1 ganglioside in neural cells. The prevalence of GM1 gangliosidosis has been estimated to be 1 in 100 000-200 000 live births, 2 and it can be categorized into three phenotypic variants, namely the infantile, juvenile and adult forms. Morquio B disease is a very rare genetic disease defined as generalized skeletal dysplasia associated with keratan sulfaturia. As mentioned above, a deficiency of b-Gal activity causes several phenotypes, but the details have not yet been determined. So far, more than 100 gene mutations causing GM1 gangliosidosis and Morquio B disease have been reported. 3 Among them, gross alterations of the b-Gal gene have been generally found in patients with the infantile form of GM1 gangliosidosis, but missense mutations comprising the majority of gene mutations have been identified in various phenotypes.
As a chemical chaperone for mutant b-Gals resulting from some missense mutations has been developed for enzyme enhancement therapy for GM1 gangliosidosis and Morquio B disease, 4 prediction of the clinical outcomes of the diseases is becoming more and more important for determining the appropriate therapeutic methods. To elucidate the bases of GM1 gangliosidosis and Morquio B disease, structural information on defective b-Gals is very important. However, only few reports on this issue have been published.
In this study, we constructed structural models of representative mutant b-Gal proteins resulting from amino-acid substitutions associated with various phenotypes of GM1 gangliosidosis and Morquio B disease. We then examined the structural changes involved by calculating the numbers of atoms influenced by amino-acid substitutions, and by determining the root-mean-square deviation (RMSD) and the solvent-accessible surface area (ASA). Furthermore, we examined the distributions and degrees of three-dimensional structural changes caused by these mutations through color imaging.
MATERIALS AND METHODS

Structural modeling of the human b-Gal protein
A structural model of human b-Gal was constructed using molecular modeling software, MODELLER (http://www.salilab.org/modeller/), developed by Sali and Blundell. 5, 6 As a template, the crystallographic structure of b-Gal from Bacteroides thetaiotaomicron (PDB ID: 3D3A) was used, and the pairwise sequence alignment between the target and the template was obtained from HHpred (http://toolkit.tuebingen.mpg.de/hhpred). 7 The overall and local qualities of the model were assessed using Verify3D (http://nihserver.mbi.ucla. edu/Verify_3D/), 8, 9 ProSA (http://www.came.sbg.ac.at/typo3/index.php?id= prosa), 10, 11 ProQ (http://www.sbc.su.se/~bjornw/ProQ/), 12 ProQres (http:// www.sbc.su.se/~bjornw/ProQ/) 13 and DFIRE (http://sparks.informatics.iupui. edu/hzhou/dfire.html), 14 and by comparing the conformation of the active site residues with that of the crystallographic structure of Penicillium sp. b-Gal. 15 The disordered regions were predicted using DISOPRED2 (http://bioinf.cs. ucl.ac.uk/disopred/), 16 POODLE (http://mbs.cbrc.jp/poodle/) 17, 18 and PrDOS (http://prdos.hgc.jp/). 19 Representative amino-acid substitutions causing GM1 gangliosidosis and Morquio B disease
In this study, we analyzed four representative amino-acid substitutions for which the clinical and biochemical phenotypes have been clearly described, that is, G123R (the infantile form of GM1 gangliosidosis), R201C (the juvenile form of GM1 gangliosidosis), I51T (the adult form of GM1 gangliosidosis) and Y83H (Morquio B disease). [20] [21] [22] [23] [24] Determination of ASA of amino-acid residues
The ASA of each amino-acid residue in human b-Gal was calculated using ACCESS. 25 Structural modeling of mutant b-Gal proteins and calculation of the numbers of atoms influenced by the amino-acid substitutions Structural models of mutant b-Gals were constructed using the molecular modeling software, TINKER (http://dasher.wustl.edu/tinker/), developed by Ponder and colleagues (Department of Biochemistry and Molecular Biophysics, Washington University). [26] [27] [28] [29] [30] As a template, a homology model of the human b-Gal protein was used, and energy minimization was performed. The rootmean-square gradient value was set at 0.05 kcal mol À1 Å . Each mutant model was then superimposed on the wild-type structure based on the Ca atoms using the least-square-mean fitting method. 31, 32 We reported that the structure was influenced by an amino-acid substitution when the position of an atom in a mutant differed from that in the wild type by more than the cutoff distance (0.15 Å ) on the basis of the total RMSD, as described previously. 32 We calculated the numbers of influenced atoms in both the main chain and the side chain.
Determination of RMSD values for all atoms in the mutant b-Gal proteins
To determine the influence of the amino-acid substitutions on conformational changes in b-Gal, the RMSD values for all atoms in the mutant b-Gals were calculated according to the standard method. 33 
Color imaging of the atoms influenced by the amino-acid substitutions
Color imaging of the influenced atoms in the three-dimensional structures of the mutant b-Gals was performed for the amino-acid substitutions. The analysis was based on the differences between the wild types and mutants to determine the influence of the amino-acid substitutions geographically and semi-quantitatively according to the method described previously. 32 
RESULTS
Homology modeling of human b-Gal
A structural model of human b-Gal was constructed using the crystallographic data for B. thetaiotaomicron b-Gal as a template. The amino acid identity between them was 36% ( Figure 1 ). According to the sequence alignment, we constructed a model of human b-Gal composed of 615 amino acids, that is, residues F32 to S646. The Figure 1 Sequence alignment of human b-Gal (Human) and Bacteroides thetaiotaomicron b-Gal (3d3a). Sequence identity: 36%. The alignment was performed using HHpred. 7 Symbols '.', '+' and '|' indicate neutral, good and very good matches, respectively, in the consensus sequence obtained from HHpred server (http://toolkit.tuebingen.mpg.de/hhpred). Using the alignment, a three-dimensional model of human b-Gal from F32 to S646 (615 amino acids) was constructed by homology modeling with MODELLER. 5, 6 Structural bases of GM1 gangliosidosis & Morquio B M Morita et al quality of the selected model was superior to that of the other generated models for most of the quality assessment tools and was acceptable. The superpositioning of the human b-Gal (homology model) with the B. thetaiotaomicron b-Gal (crystal structure) showed a Ca RMSD of 0.79 Å , indicating that there were no major differences between them in terms of global structure (Figure 2) . Furthermore, the conformation of the residues in the active site was well conserved in them.
The structure of human b-Gal can be divided into three domains. The first domain (F32-S368; 337 residues) comprises a TIM barrel fold and therefore is supposed to contain the active site. The residues comprising the active sites (Y83, I126, A128, E129, N187, E188, E268, Y306 and Y333) and the catalytic residues (E188: the proton donor and E268: the nucleophile) were deduced from the structure of Penicillium sp. b-Gal (PDB ID: 1TG7, 1XC6). 15 The first domain is known as the catalytic domain. Both the second (I391-L514; 124 residues) and the third domains (T369-D390, D515-S646; 154 residues) comprise galactose-binding domain-like folds. The human b-Gal lacks two domains corresponding to domains 2 and 3 of the Penicillium sp. b-Gal, which consists of five domains. The potential N-glycosylation sites (N247, N464, N498, N542, N545 and N555)
were found in the UniProtKB/Swiss-Prot protein knowledgebase (ID: P16278). 34 The catalytic residues and N-glycosylation sites in the predicted structure of human b-Gal are shown in Figure 3 .
Structural changes caused by representative amino-acid substitutions G123R. G123 exists at the root of the loop region between the C-terminal end of the b-strand and the N-terminal end of the a-helix in the catalytic domain, and is located near the active site (Figure 3) . The loop region contains three active site residues (I126, A128 and E129), and interacts with the two loops containing the catalytic residues, namely E188 and E268. The ASA value of G123 is 0 Å 2 (Table 1) , which means that G123 is located in the core region of the enzyme molecule. The numbers of atoms affected by the aminoacid substitutions in the main chain and side chain are 397 and 495, respectively, and the RMSD value is 0.17 Å (Table 1 ). This suggests that G123R causes a large conformational change. Color imaging clearly showed a large conformational change in the core region of the enzyme molecule (Figure 4, G123R) . As a result, the enzyme activity of the expressed protein with G123R is almost nil (Table 1) .
R201C. R201 is located on the a-helix in the catalytic domain, and the side chain of R201 is exposed on the surface (Figure 3) . The ASA value of R201 is 74 Å 2 (Table 1) , which indicates that R201 exists on the surface of the enzyme molecule (Table 1 ). The numbers of atoms in the main chain and side chain affected by the amino-acid substitutions are 17 and 27, respectively, and the RMSD value is 0.029 Å ( Table 1) . The results of the structural study suggest that R201C causes a small conformational change. Color imaging clearly showed a small structural change on the surface of the enzyme molecule (Figure 4, R201C) . The results of the expression study showed that it exhibited moderate residual activity (Table 1) .
I51T. I51 is located on the N terminal of the b-strand in the catalytic domain, and is on the opposite side of the active site (Figure 3) . The ASA of I51 is 2.3 Å 2 (Table 1) , which means that this residue does not exist on the surface. In this case, the RMSD value is 0.001 Å 2 , and the numbers of affected atoms in the main and side chains were both determined to be zero under the calculation conditions used in this study (Table 1) . This suggests that a very small conformational change Figure 3 Three-dimensional structure of human b-Gal and positions of the catalytic residues (E188 and E268), N-glycosylation sites (N247, N464, N498, N542, N545 and N555) and amino-acid residues in which substitutions have been identified (I51T, Y83H, G123R and R201C). Each backbone is shown as a ribbon. The positions of the catalytic residues and N-glycosylation sites are shown by red and green space filling models, respectively. The amino-acid substitutions are shown by orange space filling models.
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Y83H. Y83 is located in the catalytic domain, and is one of the residues comprising the active site (Figure 3) . The ASA value of Y83 is 1.4 Å 2 ( Table 1 ), suggesting that Y83 exists in the core region of the enzyme molecule. The numbers of affected atoms in the main chain and side chain are 104 and 140, respectively. Among them, the number of affected atoms in the active site is 9. The RMSD value of the Y83M is 0.081 Å (Table 1 ). This suggests that Y83H causes a moderate conformational change in the active site. Color imaging clearly demonstrated this (Figure 4, Y83H ). There are many polar and/or negatively charged residues in the active site, including Y83 ( Figure 5 ). The tyrosine-to-histidine mutation at position 83 (Y83H) causes ionic charge change from neutral to positive, and hydrogen bond pattern change in the active site as well as the polar and/or negatively charged residues in the active site are affected by these changes.
DISCUSSION
As mentioned above, allelic mutations of the b-Gal gene cause heterogeneous clinical phenotypes, such as GM1 gangliosidosis and Morquio B disease, the former being further classified into three forms, on the basis of the age of onset and severity, infantile, juvenile and adult forms. Heterogeneous patterns of biosynthesis, post-trans- Abbreviations: ASA, accessible surface area; RMSD, root-mean-square deviation. Enzyme activity data for the expressed proteins were collected from Ishii et al. 22 and Yoshida et al. 23 . lational processing and degradation of the expressed proteins, and their residual enzyme activities were shown in these forms. 20, 21 However, the structural bases of these diseases have not yet been clarified. In this study, we first constructed a structural model of human b-Gal using the crystallographic structure of B. thetaiotaomicron b-Gal protein as a template. As the amino acid identity between the two enzymes was sufficiently high, the structural model was believed to be suitable for further investigation, and thus we constructed structural models of representative mutant b-Gal proteins associated with each clinical phenotype.
G123R is believed to cause a large conformational change in the core region of the catalytic domain, and thus it affects the folding of the protein, which is the rapid degradation of the expressed protein occurring at an earlier stage of biosynthesis. In fact, the expression study showed that the enzyme activity was almost completely deficient in this case. This would lead to the early-onset severe phenotype.
R201C is believed to cause a small conformational change on the surface of the enzyme molecule. The expression study showed that the mutant proteins would not aggregate with lysosomal protective protein, which stabilizes b-Gal, and most of the synthesized enzyme proteins would be degraded before they reach the lysosomes. 21 However, small amounts of the enzyme proteins must be transported to the lysosomes and exhibit residual enzyme activity, leading to the intermediate phenotype of the disease.
I51T is believed to cause a very small structural change on the opposite side of the active site in the core region of the catalytic domain. It causes a folding defect, the expressed protein being degraded or defectively processed. The biochemical study showed that the precursor of the mutant enzyme was not phosphorylated and that a small amount of the enzyme protein exhibiting activity reached the lysosomes. 21 It is believed that the conformational change in this case is very small and that the mutant protein escapes the quality control system in the endoplasmic reticulum, leading to considerable residual enzyme activity and the late-onset mild phenotype of the disease.
In the case of Y83H, it is predicted that a moderate structural change occurs in the active site. This leads to alteration in the pocket shape, which would prevent keratan sulfate from entering the active site. This causes a loss of catalytic activity especially toward glycosaminoglycans containing keratan sulfate.
Previously, we analyzed the kinetic property of mutant b-Gal from cultured fibroblasts derived from a patient with Morquio B disease having Y83H and compared it with those obtained from a patient with the adult form GM1 gangliosidosis having I51T and from normal individuals. 35 The results showed that the mutant b-Gal of Morquio B disease exhibited lower affinity and lower hydrolytic activity toward Galb1-4GlcNAc, an analog for the repeating disaccharide of keratan sulfate, rather than toward Galb1-3GalNAc, an analog for the sugar chain of GM1 ganglioside, and there were no differences in the affinity and hydrolytic activity between the mutant b-Gal of the adult form of GM1 gangliosidosis and the wild type. The imbalanced reactivity of the mutant b-Gal of Morquio B disease would have been caused by the specific structural change in the active site. On the other hand, excessive degradation of the mutant b-Gal of the adult form of GM1 gangliosidosis having normal affinity toward the substrates would have been caused by the small structural change located far from the active site. Thus, the results of structural investigation could explain the differences in the biochemical phenotype between Morquio B disease and the adult form GM1 gangliosidosis, both of which exhibit residual enzyme activity.
In conclusion, we first constructed a structural model of the human b-Gal protein and examined the structural changes in mutant b-Gal proteins due to the representative amino-acid substitutions associated with GM1 gangliosidosis and Morquio B disease. The results show a good correlation between the structural changes in the enzyme molecule, and biochemical and clinical phenotypes in representative cases. Structural investigation is useful for elucidating the bases of these diseases. Representation of the active site of the modeled human b-Gal with keratan sulfate (white: the active site residues, hot pink: Y83 residue, green: keratan sulfate, red: oxygen atoms, blue: nitrogen atoms). The amino-acid substitution from tyrosine to histidine at position 83 (Y83H) affects the shape of the active site through changes in both ionic charge and hydrogen bond pattern. The terminal galactose of the substrate (green, thick stick) was superimposed from the structure of Penicillium sp. b-Gal (PDB ID: 1XC6) and keratan (green, thin wire) was drawn to indicate the entrance of the active site.
